A framework for calibrating the reliability elements in simplified semi-probabilistic design safety formats is presented. The objective of calibration is to minimize the increase of construction costs, compared to the non-simplified safety format, without reducing the level of structural safety. The framework is utilized for calibrating two simplified safety formats which aim at reducing the number of load combinations relevant in structural timber design. In fact, the load-duration effect makes the design of timber structures more demanding since a larger number of load combinations need to be considered compared with other construction materials.
exclusive and their adjustment must not affect the safety level of the design. In addition, the adequate complexity level depends on manifold factors, including the types of structures designed, the materials and technological solutions adopted, the design phase, and the experience of the engineers [2] [3] [4] . For example, complex structural solutions require detailed codes, while simple structures do not. Consequently, discussions about the adequate level of code sophistication are ongoing [3] [4] [5] [6] .
Simplification and improvement of the ease of use of codes are essential criteria in all code development projects, including the publication of the second generation of European structural design codes [7] .
Sophistication is obviously required only when bringing benefits since unnecessary detailing will solely increase bureaucracy. Therefore, two research directions are of interest. The first is the assessment of modern codes, the quantification of the benefits given by sophistication compared with existing simpler alternatives.
The second is the proposal of less complex solutions that can either substitute the complex ones (when the latter brings no benefits) or work as alternatives when the engineer needs a simpler and faster design for different reasons [3] [4] [5] [6] .
Part of the complexity of timber design standards is due to the wide range of material-specific phenomena, which can lead to a more demanding structural engineering design compared to other building materials. The most important phenomena are anisotropy, grain deviation, shrinkage, creep and the load-duration effect.
These phenomena are influenced by the environmental conditions. The load-duration effect is considered in the ultimate limit state design with modification factors, as mod k in Eurocode 5 [1] , and has an effect on the determination of the decisive load combination. For other building materials, the load combination with the maximum load is automatically decisive for the design. This is not equally applicable to timber structures. In fact, due to the influence of load duration and service class -accounted for by the corresponding values for mod k -the decisive load combination could also result in a lower absolute sum of loads if it has to be divided by a smaller modification factor. As a consequence, a larger number of relevant load combinations must be considered during structural design. This increases the engineering effort significantly, especially when hand calculations are performed, as is often the case for simple structures or structural components.
Beside the time-consuming search of the decisive load combination, there are further demanding aspects of the design of timber structures. There are a large number of values for timber specific factors (especially Page 3 of 19 mod k ), depending on the materials and the regulations of the different countries. Thus, a harmonization and reduction of the corresponding values seem to be necessary and helpful.
Different simplifications of load combination rules for timber design have been discussed and proposed in the literature [4, 5] . This article proposes two simplified safety formats that facilitate the detection of the decisive load combination. The work is partly a result of the European Cooperation in Science and Technology (COST) Action FP1402. Preliminary formats and concepts were developed and proposed in [6] . Previous investigations in the field of simplified rules for load combinations in structural timber design led to good results, comparing the design and economic aspects with the Eurocodes [1, 8] . First rough calculations regarding reliability aspects showed that the designs identified by simplified rules led to higher reliability indices than the ones identified by the present Eurocodes [9] . However, further reliability analyses and calibrations were necessary for more profound results. Therefore, this article attempts to provide a more scientific basis for further discussions in code committees.
Eurocode Safety Format
The Eurocodes [1, 8] comprise the Load and Resistance Factor Design format (LRFD) as several other modern codes (see e.g. [10] [11] [12] For the ultimate limit state design of timber elements, the conversion factor  is represented by the modification factor mod k that considers the time-dependent decrease of the load bearing capacity of timber. It depends on the moisture content of the timber elements (defined in service classes) and the type of load or, more precisely, the load duration. Generally, the strength reduction is greater when the moisture is high and the load is being applied for longer periods. The values of the factors are usually determined empirically by experience or by using probabilistic methods, which are referred to as damage accumulation models (see e.g.
Gerhards model [13] or Barrett and Foschi's model [14, 15] ), example values are given in Table 1 . 
The design effect of action shall be determined for each relevant load case by combining the effects of actions that can occur simultaneously. The combination of actions in curly brackets in Eq. (2) might be expressed as in Equation 6 .10 of Eurocode 0 (see Eq. (3) below), where the symbol "  " means "to be combined with". The mod k on the resistance side should be chosen as the one corresponding to the load with the shortest duration considered in the combination.
For resistance models which are linear in the material property, the design check can be rewritten as in Eq. (4), where the resistance side is independent of the load duration and moisture content. 
Proposed Simplified Safety Formats

General
In order to facilitate the search for the decisive load combination, two simplified rules for structural timber design are proposed below. The proposals are intended to simplify the design of structures when there are two or more variable loads in addition to permanent loads. For the case with one variable load, the simplification is not needed because two load combinations are to be considered only.
Simplified Safety Format I (SFI)
The simplified safety format in [6] is proposed and reviewed here. It is in accordance with the rules in the 
Simplified Safety Format II (SFII)
A second simplified format is proposed consisting of the load combination rules of the Eurocodes 
1,...,
5 Calibration of safety formats
General
The reliability level associated with the proposed simplified safety format are assessed and compared with the safety level given by the Eurocodes. In general, when the complexity of a code brings benefits, such as higher structural efficiency, any simplification will reduce the engineering costs, but likely also reduce the efficiency of the resulting design and/or limit the code's application domain. Consequently, the safety factor 
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The FERUM package [24] is used in Matlab® [25] for this purpose. First rough calculations regarding the reliability analysis of the simplification (SFI) were performed and published in [9] . These calculations are extended and performed more precisely. As in [9] , the work is restricted to:
• service classes: 1 and 2 (see Table 1 )
• two variable loads: wind ( 1 Q ) and snow ( 2 Q )
• two materials: solid timber (ST) and glulam (GL)
• three ultimate limit state failure modes at the full member level (i.e., excluding joints and construction details): bending, tension and compression parallel to the grain.
These restrictions represent the most common cases of typical wooden structures (e.g. roof constructions)
for which the simplifications are aimed at.
Reliability analyses and probabilistic models
Normalized and standardized limit state functions (LSFs) in Eq. (11) to (15) have been considered for the reliability analyses as in [19] . 12 12 , , , , , , For example, the representation of failure in bending considers the general material property F to be the bending strength m F and the design parameter z to be the cross-section modulus. Geometric properties are assumed deterministic and equal to their nominal or design value. The mod k -values included in the limit state functions are assumed to be known (deterministic) and equal to the ones given in the Eurocodes. Their uncertainty is assumed to be included in the resistance model uncertainty ( R  ). Therefore, the load damage Page 8 of 19 models are not considered explicitly. The probability of failure of the structural element is the union of the failure events represented by the five limit state functions. For the specific problem at hand, it is observed that the failure probability of the union is always governed by one of the five limit states. Hence, for simplification purposes, the reliability index is calculated as the minimum reliability index among the ones obtained from the five limit state functions.
(1 ) 0
(1 ) 0 (see e.g. [18] ) combining together the loads' maxima over reference periods of different length. This is done considering one load as leading ( that is typically between 1 and 7 days in Europe (see e.g. [28] ). According to Eurocode 5, wind action can be considered as short-term or instantaneous with corresponding recommended mod k -values given in Table 1 .
Classifying wind as short-term, i.e. load-duration up to one week, seems very conservative. This is supported by the fact that several European countries classify wind as instantaneous. Other countries, including Germany and Austria, classify wind as short-term/instantaneous. For all these reasons wind is considered, in this work, short-term/instantaneous (Cases 1 and 2) and instantaneous (Cases 3 and 4). The national choices might be considered including the country-specific climate characteristics. The four cases might represent the climates and the national choices for, in order: Germany (locations below 1000 m a.s.l.), Austria (locations above 1000 m a.s.l.), Denmark and Norway.
The self-weight of structural and non-structural parts ( G ) is classified as permanent action and therefore has a modification factor mod 0.60 k  for service classes 1 and 2 (see Table 1 ). 
Reliability level of the current Eurocodes
The proposed simplified load combinations are calibrated in order to provide safety levels which are equal to or larger than the safety levels implicitly provided by the Eurocodes. The partial safety factors recommended in the Eurocodes are:
for all permanent loads (self-weight of structural and non-structural parts); 
Calibration objective
It is to be highlighted that the estimation of the target reliability t  from the existing codes and the calibration of reliability elements are performed with the same probabilistic models. Therefore, the (nominal) reliability indices are used to compare safety levels rather than expressing the "exact" level of safety. As expected, the absolute value of   EC E  is sensitive to the stochastic models adopted. Nevertheless, the calibrated reliability elements are seen to be almost insensitive to changes of the coefficients of variation of the distribution functions within the realistic domain. For this reason, the random variables are represented by simplified stochastic models (Table A .1). For the same reason, the biases of the resistance and load models were not considered. Beside the difficulty of their estimation, their inclusion will affect the values of  considerably, but not the values of the calibrated reliability elements. Larger reliability indices are expected due to the conservativeness (bias larger than 1) of the Eurocode models (see e.g. [30] for wind load model).
Results and Discussion
Results
The calibrated reliability elements are calculated for the different cases included in the study and summarized in Table 4 . The influence of the dominating material on the calibrated reliability elements is The two proposed formats and the Eurocode format are compared in terms of safety levels, structural dimensions and number of relevant load cases.
The reliability levels associated with the calibrated reliability elements are compared with the Eurocode format in Figure 1 for solid timber (ST) dominating. Detailed plots are illustrated in Figure 2 The proposed simplified formats drastically reduce the number of load combinations as summarized in Table 5 . The reduction is increasing with the number of variable loads Q n . SFII always requires one load combination less compared to SFI and, as already mentioned, it requires the same number of load combinations for any other construction material. The proposed simplified formats lead in average to larger design solutions, i.e. increased construction costs. This is the price of the simplifications introduced. The structural dimensions are compared in Table 6 through the weighted average over-design   Table 6 since a large part of the construction costs is independent of the structural dimensions z . Weighted over-design averages were found higher for the case of dominant permanent loads. For variable loads dominating, it was found that the absolute maximum over-design was around 25% for SFI, and very close to the average over-design for
SFII.
The maximum overdesigns were found to be around 60 % for cases where the permanent load is dominating.
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It is important to note that the monetary benefit/loss associated with the use of simplified safety formats cannot be assessed by accounting the construction costs only. In fact, simplified safety formats can significantly reduce the effort in engineering work and associated costs. The quantification of these savings in a general way is not an easy task and is left to code-committees who will assess whether it is more efficient to use a simplified or a sophisticated format. The framework proposed in this paper will support this assessment in a rational way. Further, larger safety levels reduce the risk associated with the event of failure, where risk is defined as costs associated with failure times the probability of failure. The weighted average expected failure costs were found to be between 30 % and 60 % lower compared to the Eurocode. This is clearly a consequence of the higher safety levels reached with the simplified formats. The net benefit (or loss) obtained from the increase in construction costs and the decrease in both the engineering and failure costs can only be assessed by knowing the absolute values of these costs. However, this was beyond the scope of the work at hand. 
Discussion
The resulting calibrated formats are shown to greatly reduce the number of load combinations with a minimal increase in structural dimensions and construction costs. This proves, as expected, that the complexity of the load combination rules provided in [1] does lead to more efficient structural design compared with the simplified formats. Therefore, it is important to emphasize that the formats proposed do not have the desire to substitute the existing combination rules, but rather to be alternatives that engineers can choose any time they need a rougher and faster design and/or they believe that these simpler formats reduce the engineering costs more than the increase in construction costs. In addition, simplified formats might be useful for checking the plausibility of results obtained from structural analyses performed by computer software with a large number of detailed load combinations. In this manner, analysis errors might be identified.
Both proposed safety formats with the calibrated reliability elements meet the requirement of simplifying design without decreasing the level of safety. Based on the performed calculations, the format SFI has the potential to be more economical in average but also leading to the largest absolute differences in design compared to the current version of the Eurocodes. The SFII includes a lower number of load combinations. In addition, SFII is expected to be easier implemented within the Eurocode framework, since it basically proposes to use the same load combination rules as used for the other materials. Hence, it follows the fundamental requirement of having material-independent load combinations. SFII can indeed be seen as a simplified way for accounting the load-duration effect on the material properties by dividing the material partial safety factor by a fixed factor ( mod k ).
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The proposed formats were derived specifically for the cases with dominating variable loads, which are the most common for timber structures. As expected, they provide a balance between simplification and additional costs within this restriction. On the contrary, quite high over-design was obtained for the cases with dominating permanent load. These cases are seldom in timber structures and were mostly given for sake of completeness and for showing that, with different additional costs, the proposed formats lead to acceptable levels of safety in all cases. The work was limited to load combinations with snow, wind and permanent loads.
Conclusions
Two simplified safety formats have been proposed for simplifying the design of timber structures. Due to the timber specific load-duration effect on the material strength, the design of timber structures is more demanding compared to other construction materials. The first format consists of novel load combination rules maintaining the current modification factor values. On the contrary, the second format maintains the current combination rules while reducing the modification factor values to a single fixed one. Simplifications in design imply different design costs, different safety levels or both. For these reasons, the proposed formats have been calibrated in order to reach a satisfactory level of safety and limiting the increase in construction costs. The resulting calibrated formats greatly simplify the design. At the same time, they limit the additional costs and maintain (or increasing) the resulting safety level of the designed structures compared to the current Eurocodes.
The work at hand is expected to provide a generic framework applicable to further assessments and refinements of simplified safety formats. A higher degree of detail requires considering specific contexts including country-specific climates (see e.g. [31, 32] ), load damage models, construction habits and normative requirements included in the National Annexes to the Eurocodes.
Although the investigations are strictly focusing on the Eurocodes, the proposed simplifications, concepts and calculations are in principle also applicable to other standards.
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